In thin sections of resin-embedded samples of glutaraldehyde-and osmium tetroxide-fixed tissue from five genera of marine sponges, Stromatospongia, Astrosclera, Jaspis, Pseudoceratina and Axinyssa, cells of a bacteria-like symbiont microorganism which exhibit a membrane-bounded nuclear region encompassing the fibrillar nucleoid have been observed within the sponge mesohyl. The nuclear region in these cells is bounded by a single bilayer membrane, so that the cell cytoplasm is divided into two distinct regions. The cell wall consists of subunits analogous to those in walls of some Archaea. Cells of the sponge symbionts observed here are similar to those of the archaeal sponge symbiont Cenarchaeum symbiosum. z
Introduction
With the exception of planctomycete Bacteria and endospore-forming cells of some species within the Gram-positive Bacterial division during the process of forming endospores within vegetative mother cells, members of both Domains Bacteria and Archaea examined so far appear to possess vegetative cells with an uncompartmented naked nucleoid and genome, not bounded by any form of internal membrane [1^4] . Compartmentation of the bacterial nucleoid by a single or double membrane has so far only been reported to occur [5, 6] in a distinct division of the Bacteria, the planctomycetes [7, 8] , including a type occurring in Pirellula species where the nucleoid is bounded by a single membrane [6] .
We will examine here the types of cell compartmentation in Bacteria-like symbionts associated with the mesohyl of several species of marine sponges (phylum Porifera), especially evidence relating to membrane-bounded nucleoids. Fig. 1 . a: Electron micrograph of a thin-sectioned bacteria-like symbiont of Stromatospongia micronesica displaying membrane-bounded nuclear body with`butter£y' shape, containing a ¢brillar nucleoid (N) surrounded by electron-dense particles (R). Bar, 0.2 Wm. Inset : Enlargement of same cell to show single bilayer membrane (arrow) comprising envelope of the nuclear body. Fibrils (arrowhead) project from tip of nuclear body. Bar, 100 nm. b: Electron micrograph of thin-sectioned bacteria-like symbiont of Stromatospongia micronesica showing a septum running completely across a dividing cell and a membrane-bounded nuclear body in each daughter cell half. Each body displays an electron-dense outer region surrounding a ¢brillar nucleoid.`Cytoplasm' of similar granularity to that external to the nuclear bodies in each daughter cell appears between the two halves of the`split' septum. Bar, 0.2 Wm. c: Electron micrograph of thin-sectioned bacteria-like symbiont of Jaspis stellifera, immunogold-labelled with anti-ds+ss DNA antibody demonstrating exclusive occurrence of cell DNA within membrane-bounded nuclear body. Bar, 0.2 Wm.
Materials and methods
The sponges Stromatospongia micronesica and Astrosclera willeyana from Paci¢c Micronesia were collected by SCUBA from a submarine cave on the coral reef of Annae Island, Guam, Marianas Islands, depth 6 m, water temperature 29.9³C, local pH 8.25. Sponge tissue was ¢xed in cold 4% glutaraldehyde in 0.1 M Sorensen phosphate pH 7.2 bu¡er for 4 h, rinsed in cold bu¡er three times, and transferred through graded ethanol to 75% ethanol for storage. Specimens were rehydrated and post¢xed for 30 min in 2% osmium tetroxide in distilled water at room temperature. They were then transferred to a cold mixture of 2% osmium tetroxide and 2% formic acid for 14 h of post¢xation and decalci¢cation at 2³C. After rinsing in cold distilled water, subdivided tissue blocks were transferred to cold 4% hydro£uo-ric acid, and following water rinses, transferred through a graded series to 95% ethanol and embedded in Epon 812. Grids were stained in 2% uranyl acetate for 1 h and lead citrate [9] for 10 min or as described below.
Axinyssa n.sp. and Pseudoceratina crassa were collected by SCUBA at depths of 10^14 m and Jaspis stellifera was collected directly from the reef £at (depth 0.5 m), at Heron island Research Station (HIRS), Great Barrier Reef. Minced samples of sponge were ¢xed in chilled 3% glutaraldehyde in arti¢cial seawater (ASW), washed in ASW, post¢xed in osmium tetroxide in ASW for 1 h, dehydrated in an acetone series and then embedded in Epon resin [10] . Thick sections were cut and the face of resulting blocks exposed to 20% hydro£uoric acid before rinsing in distilled water. Thin sections were then cut from the block and stained with methanolic 5% uranyl acetate and Reynold's lead citrate.
For immunolabelling experiments, samples of Jaspis stellifera were ¢xed in 2% glutaraldehyde-4% paraformaldehyde ¢xative in 0.1 M cacodylate bu¡er for 1 h. Further processing was via washing in 0.2 M cacodylate+0.4 M sucrose bu¡er at 4³C, and storage in bu¡er until dehydration in a graded ethanol series and embedding in LR White resin. Hydro£uoric acid treatment of the block face was performed as above. Immunolabelling of thin sections was via use of an anti-ds+ss DNA antibody (Boehringer-Mannheim) as described previously [6] , and sections were then stained as above. Samples were examined using either a JEOL 1010 or an Hitachi 7S transmission electron microscope.
Voucher samples of Axinyssa n.sp. and Pseudoceratina crassa are held at the Queensland Museum as QM 312575 and QM 304915 respectively (identi¢ed by Dr John Hooper).
Results and discussion
In thin sections of tissue from the marine sponges Stromatospongia micronesica and Astrosclera willeyana, collected in Paci¢c Micronesia, and in sponges of the genera Jaspis, Pseudoceratina, and Axinyssa (collected from waters of the Great Barrier Reef), bacteria-like microorganisms occur including cells of characteristic morphotype exhibiting a membranebounded nuclear region encompassing the ¢brillar nucleoid. Morphotype structure is best illustrated in tissue from Stromatospongia micronesica (Fig.  1a,b) , and also illustrated in Jaspis stellifera and Pseudoceratina crassa (Figs. 1c and 2a) . The nuclear region in these cells is bounded by a single bilayer membrane, so that cell cytoplasm is divided into two distinct regions, one containing ¢brillar nucleoid as well as a surrounding`riboplasm' of electron-dense ribosome-like particles and the other, external to the nuclear envelope, containing a ¢nely granular network of particles, less electron-dense than that of the nuclear riboplasm (Fig. 1a) . The enveloped nuclear region in sponge symbiont cells described here occupies a central position in the cell and sometimes exhibits distinctive projections giving the whole region a characteristic`butter£y' shape (Fig. 1a) , especially visible in dividing cells (Fig. 1b) . The cells appear to possess a cytoplasmic membrane closely appressed to cell wall (Fig. 2c) ; the internal nucleoid-bounding membrane does not appear to be either identical with or directly connected with the cytoplasmic membrane, but ¢ne ¢brillar material with possible cytoskeletal function may be seen to extend from the extreme tips of projections of the membrane-bounded nuclear region (inset to Fig.  1a) . A distinct periplasm is not normally visible. The morphology of the cells in which these distinctive nuclear organelles are observed is itself unusual. Although rods (for example, ca. 1.1^1.3 Wm wide U2.6^2.9 Wm long in Fig. 1a,b) , they possess unusually straight and even sides in their cylindrical length, with cell poles representing only partial sections of a perfect hemisphere. As illustrated in Stromatospongia symbionts, a very distinctive septation process has been observed in dividing cells of this morphotype (Fig. 1b) . During this septation process, the septum is split into two sections separated by apparent cytoplasm and the two sections of divided nuclear body are separated by the septum but still parallel with septum along a major portion of membrane on one side of each body (Fig. 1b) . This contrasts with septation in Gram-negative bacteria [11] , but is more similar to cell spacer plugs and interconnection of dividing cells by S-layer wall in the archaea Methanospirillum hungatei [12] and Thermoproteus tenax [13] , respectively. They appear to possess a cell wall displaying periodicity consistent with a subunit structure (Fig. 2b) . Cell walls exhibiting subunit structure in thin section have been reported for Archaea such as crenarcheotes Sulfolobus acidocaldarius [14] , Thermoproteus tenax [13] , Pyrodictium abyssi [4] and for euryarcheotes Halobacterium halobium [15] and Haloarcula japonica [16] . In the present study, symbiont cells of almost identical morphotype to that in Stromatospongia and Astrosclera from Micronesia have also been observed in tissue from several sponge genera from the Great Barrier Reef, Australia, including Jaspis stellifera, Pseudoceratina crassa (Figs. 1c and 2a) and Axinyssa n.sp. The major portion of the DNA of the nuclearbody-containing symbiont in Jaspis stellifera appears to be con¢ned within the membrane-bounded organelle as shown by immunogold labelling with anti-ss and ds DNA antibodies (Fig. 1c) .
Bacteria-like symbionts are associated with a variety of sponge species [17, 18] , and some form of internal membrane-bounded compartmentation may occur in bacterial symbionts of some of these sponge genera [18^20]. Such compartmentation has in past studies been interpreted as due to exceptionally large periplasm for a Gram-negative cell [18, 20] . We favour an interpretation of such compartmentation in which the membrane bounding the nuclear region is a true internal membrane rather than representing cytoplasmic membrane. The latter is closely appressed to cell wall in the symbionts we have observed. Supporting this is the clear indication of cytoplasmic membrane as shown in Fig. 2c , and uniform distribution of cytoplasm within the space between cell wall and internal nuclear body-bounding membrane, a distribution unlikely if plasmolysis and retraction of cytoplasmic membrane were responsible for this space [21] .
In its possession of a membrane-bounded nucleoid, the internal organisation of the symbiont morphotype described here contrasts with that known for most members of the Domains Bacteria and Archaea. However, it is most similar to that found previously in planctomycete species of the genus Pirellula, where there is enclosure of a major nucleoid-containing cell compartment, the pirellulosome, by a single membrane which divides the cell interior into two regions, and where there is also a zone of electron-dense particles around the nucleoid within the pirellulosome [6] . In contrast to the cell structure in Pirellula species, the sponge symbionts described here do not display any polar di¡erentiation or polar cap'. In natural habitat samples, the only bacterial cells appearing to show any similar ultra-structure to those described here are 0.3^0.5 Wm diameter cells from soil described with internal membrane surrounding nuclear material [21] .
There are also signi¢cant similarities, concerning cell shape and nuclear body shape during division, between the symbionts observed here and those derived by £uorescent microscopy applied to cells of Cenarchaeum symbiosum, a psychrophilic symbiont of the sponge Axinella sp. from the Californian Paci¢c coast determined by in situ hybridisation with oligonucleotide probes to be a member of the kingdom Crenarcheota of the Domain Archaea [22] . If sponge symbionts exhibiting membrane-bounded nucleoids that we have observed prove to be related closely to Cenarchaeum symbiosum, this would be highly signi¢cant from an evolutionary perspective, since cell organisation in the Domain Archaea is thought to be exclusively prokaryotic, despite other similarities with eukaryotes and the Domain Eucarya [23] . Consistent with possible membership of the Domain Archaea of the symbionts described here is a cell wall substructure consistent with S-layer composition, the most common Archaean wall type [24] . Archaeal nucleoids of hyperthermophilic crenarcheotes examined appear to be naked, not membrane-bounded [3, 4] , but mesophilic crenarcheotes, which have not been cultured or examined via electron microscopy, may well possess di¡erent internal structure. Intracellular membranes in methanotrophlike symbionts of carnivorous sponges [25] are not similar to membrane enclosing the nucleoids described above. Possible Domain membership of the symbionts can be resolved by direct probing of cells in sections using probes speci¢c for 16S rRNA of speci¢c Domains, or via cloning of PCR-ampli¢ed 16S rRNA genes from symbiont communities combined with hybridisation of sectioned or whole cells with probes designed from clone sequences.
Resolution of this problem is signi¢cant with respect to the evolutionary meaning of membranebounded nucleoids, since if these indeed prove to be distributed in both major Domains of life other than nucleated Eucarya, implications for our understanding of the origin of the nucleus and its timing relative to the history of life may be of profound phylogenetic signi¢cance.
